Background: Resting heart rate is well established as a predictor of morbidity and mortality in the general population. However, the relationship between preoperative heart rate and perioperative outcomes, specifically myocardial injury, is unclear.
Myocardial injury is a prognostically important complication of non-cardiac surgery that affects 8%e22% of patients after elective procedures. 1e3 Even when asymptomatic, myocardial injury is highly associated with increased morbidity and mortality. 4 Thus, finding ways to mitigate myocardial injury has important implications for the millions of patients undergoing surgery worldwide every year. In current conceptual frameworks of cardiovascular physiology, heart rate is considered to be a key determinant of the balance between myocardial oxygen supply and demand. Although in theory lowering heart rate before operation using negative chronotropic agents such as beta blockers should reduce perioperative complications, the evidence regarding the efficacy of this approach is equivocal. 5 One possible explanation is that previous studies used preset doses of medications that were not titrated to a target heart rate threshold. A challenge with implementing such an approach is that the optimal preoperative heart rate to minimise the risk of myocardial injury is not currently known. Several previous studies have elucidated the relationship between intraoperative heart rate and outcomes 6e8 ; however, there are very limited data examining the connection between preoperative heart rate and postoperative myocardial injury. The single previous study that investigated this association used the heart rate recorded immediately before the induction of anaesthesia, which is likely not indicative of true preoperative heart rate. 9 We therefore conducted a retrospective cohort study in a multihospital healthcare system to evaluate the link between preoperative ambulatory heart rate and postoperative myocardial injury.
Methods

Study population
This retrospective cohort study was conducted at the University Health Network, a quaternary-care multisite healthcare system located in Toronto, Ontario, Canada. Data were obtained from linked institutional databases including the preoperative evaluation clinic database, surgical procedure database, and an electronic data warehouse containing administrative and laboratory data. Consecutive patients undergoing elective non-cardiac surgery from 2008 to 2014 with a prior preoperative anaesthesiology consultation at the institutional preoperative evaluation clinic were included in the cohort. Patients with missing data and those with an ASA Physical Status (ASA-PS) Classification 5 were excluded from the analysis. Institutional Research Ethics Board approval was obtained before the initiation of the data set assembly and analysis.
Exposure and outcome definitions
The preoperative heart rate was defined as the ambulatory value documented during the preoperative evaluation clinic visit and measured in beats per minute. Heart rate values less than 40 beats min À1 or greater than 140 beats min À1 were excluded from the primary analysis as these values were likely to fall outside the expected physiologic range for ambulatory heart rates, and therefore likely related to data entry error. Records with missing heart rate information were also excluded from the study cohort. Myocardial injury was defined as a peak postoperative troponin I concentration exceeding 30 ng L À1 or an International Classification of Disease 10th Edition diagnostic code for Box plot displaying the distribution of preoperative heart rate among patients without and with myocardial injury.
Editor's key points
A higher-than-normal resting heart rate is an indicator of reduced cardiac reserve. Cardiorespiratory fitness is a key determinant of perioperative outcome. This study found higher heart rates were associated with perioperative myocardial injury and mortality. Whether or not heart rate control could reduce severe perioperative complications is unclear. 
Covariates
Preoperative information was obtained from the history and physical examination conducted during the preoperative clinic visit and stored in the electronic medical record. These data were obtained first by a nurse practitioner and pharmacist, after which the data were verified by a consultant anaesthesiologist. Clinically sensible covariates of interest were selected a priori based on being plausible potential confounders of the association between heart rate and myocardial injury. These covariates included patient characteristics (i.e. age, sex), comorbidities (i.e. hypertension, atrial fibrillation, coronary artery disease, heart failure, permanent pacemaker, diabetes mellitus, chronic obstructive pulmonary disease, asthma, liver disease, non-metastatic cancer, metastatic cancer, renal disease, anaemia), long-term cardiac medications, and surgical procedure type. Anaemia was determined by preoperative haemoglobin concentration and categorised as non-anaemic, mild, moderate, or severe according to the World Health Organization's published definition. 10 Renal impairment was identified using estimated glomerular filtration rate (eGFR) estimated by the CKD-EPI equation and the preoperative creatinine concentration. 11 We did not have information regarding race/ethnicity and thus this adjustment was not used in the calculation of eGFR. Patients were categorised according to their eGFR, based on previously defined cut-offs. 12 Age was categorised as 18e40, 41e60, 61e80, and >80 yr. Smoking status was classified as current smoker, recent quitter (i.e. quit in the past 30 days), remote smoker, or no smoking history. Preoperative cardiac medications of Results from multivariable regression model predicting myocardial injury with heart rate modelled using fractional polynomials.
interest included negative chronotropic agents (i.e. beta blockers, non-dihydropyridine calcium channel blockers), aspirin, angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), and statins. We also included two summary measures of comorbidity: the Revised Cardiac Risk Index (RCRI) 13 and the ASA-PS class.
Patients with an 'unknown' covariate value were assumed not to have that condition. This assumption was made for less Results from the sensitivity analysis. (A) Multivariable regression model with heart modelled as a categorical variable using prespecified values. Odds ratios represent odds of having myocardial injury for patients with a heart rate greater than 90 beats min À1 compared with patients with a heart rate less than 60 beats min À1 . (B) Multivariable regression model with heart modelled using fractional polynomials. IPW, inverse probability weighting.
than 1% of the sample for each covariate (Supplementary Table S1 ). The exception to this was for preoperative anaemia and renal disease where unknown values were analysed as a separate category given that they represented a larger proportion of the cohort.
Statistical analysis
We initially conducted bivariate analyses to characterise unadjusted differences between patients who did and those who did not suffer myocardial injury (i.e. t-tests for continuous variables and c 2 tests for categorical variables). Additionally, we examined the characteristics of patients across different categories specified based on preoperative heart rate values. The adjusted association between preoperative heart rate and postoperative myocardial injury was then examined using multivariable logistic regression models. All clinically sensible covariates were included in the model. Given that the exposure of interest, heart rate, was a continuous variable, we constructed several regression models that each modelled heart rate in a different mannerdto ensure that the results were not sensitive to the underlying assumption of the nature of relationship between heart rate and the outcome of interest. Specifically, we included heart rate as a single continuous term, categories based on quartiles, categories based on deciles, categories based on pre-specified cut-offs (<60, 60e69, 70e79, 80e89, !90 beats min À1 ), and fractional polynomials (to account for any non-linear relationship between the exposure and outcome). 14 We undertook several sensitivity analyses to further assess the robustness of our results. These included repeating the analyses after excluding patients with permanent pacemakers or atrial fibrillation, repeating the analyses after excluding patients on negative chronotropic agents, repeating the analyses while including patients with 'extreme' heart rate values (i.e. <40 and >140 beats min À1 ), repeating the analyses after excluding patients with 'unknown' covariate values, and repeating the analyses while using inverse probability weighting to account for missing heart rate values. 15 To explore the assumption of no myocardial injury for patients with missing troponin values, we repeated the analysis using 30 day mortality as the outcome of interest as we had this information for all patients in the cohort. These sensitivity analyses were conducted using both the pre-specified categorisation of heart rate (i.e. <60, 60e69, 70e79, 80e89, !90 beats min À1 ) and the fractional polynomial analysis.
All statistical analyses were performed in Stata Version 14.2 (StataCorp, College Station, TX, USA) with significance defined as a two-tailed P<0.05. Sample size was determined using the available data, and no a priori calculation was performed.
Results
A total of 41 140 patients met all inclusion criteria and formed the study cohort (Fig. 1) . Of these patients, 4857 (11.8%) individuals suffered myocardial injury after surgery. There was no clinically significant difference between the mean preoperative heart rates of patients who did and those who did not suffer myocardial injury [mean (standard deviation, SD); 73 (14) vs 74 (13), P<0.001]. Figure 2 is a boxplot showing the distributions of heart rate between the two groups. The characteristics of patients who did vs those who did not suffer myocardial injury are presented in Table 1 . In general, patients with myocardial injury were more likely to be older males with a greater burden of comorbidities. When examining baseline characteristics across strata defined by preoperative heart rate, patients with slower heart rates had a higher prevalence of coronary artery disease, heart failure, and preoperative beta-blocker usage (Supplementary Table S2 ). After excluding patients with pacemakers and preoperative negative chronotropic agent use, similar trends in baseline characteristics were found although less pronounced (Supplementary  Table S3 ).
In multivariable logistic regression analyses, elevated heart rates were generally associated with increased odds of myocardial injury. When hear rate was included as a continuous term in the regression model, a 10 beats min À1 increase in preoperative heart rate was associated with an increased odds of myocardial injury [adjusted odds ratio (OR), 1.04; 95% confidence interval (CI), 1.01e1.07; P¼0.003]. When heart rate was instead categorised, the highest heart rate category was consistently associated with a significantly higher risk of myocardial injury compared with the lowest heart rate category. For example, when using categories based on prespecified thresholds, a heart rate !90 beats min À1 was associated with an adjusted OR of 1.22 (95% CI, 1.06e1.39; P¼0.005) of myocardial injury compared with a heart rate of <60 beats min À1 . This result was consistent regardless of the method used for categorisation (Table 2) . When fractional polynomials were used to model heart rate, we found a 'J-type' relationship between heart rate and the probability of myocardial injury (Fig. 3) . The point effect estimates of the association between preoperative heart rate and myocardial injury were consistent across the sensitivity analyses (Fig. 4) . When 30 day mortality was considered as the outcome, patients with a heart rate greater than 90 beats min À1 had a 2.86-higher odds (95% CI, 1.56e5.23; P<0.001) of dying within 30 days compared with patients with a preoperative heart rate less than 60 beats min À1 . In fractional polynomial analysis, there was a similar 'J-curve' relationship although the slope at lower heart rates was less pronounced ( Supplementary  Fig. S1 ).
Discussion
In a large cohort of patients undergoing elective non-cardiac surgery at a multihospital healthcare network, we found a consistent association between higher preoperative heart rates and an increased likelihood of suffering postoperative myocardial injury. In fractional polynomial analyses, lower heart rates were also found to be detrimental. These findings were consistent across a range of sensitivity analyses.
A prior study has demonstrated that elevated preoperative heart rates are associated with myocardial injury. 9 However, this previous work relied on heart rates recorded immediately before the induction of anaesthesia, which were susceptible to premedication, anxiety, and preoperative fasting. Additionally, our analysis showed an association between low preoperative heart rates and myocardial injury which has not been previously described. Although the nature of the association was robust across our analyses, the underlying mechanism for this relationship remains to be fully delineated. It is possible that patients with higher preoperative higher heart rates are more likely to experience an imbalance between oxygen supply and demand in the perioperative period. If so, preoperative heart reduction could potentially be beneficial, although our data suggest that overly aggressive reduction may be harmful. Another possible explanation is that elevated preoperative heart rates may be a marker of undiagnosed cardiopulmonary and autonomic impairment resulting in subclinical heart failure. 16 If this is the main reason for the increased morbidity associated with higher heart rates, a seemingly simple strategy of reducing the heart rate with negative chronotropic agents may actually be harmful. The association between low heart rate and myocardial injury has not been previously described in the perioperative literature. Importantly, the association persisted even when we excluded patients on negative chronotropic agents or with pacemakers. Although there are no data available from the perioperative period, our findings are surprising given that it is well established within the general population that lower resting heart rates are protective against cardiac events.
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However, bradycardia measured in the preoperative clinic might represent chronotropic incompetence, which has been associated with increased morbidity and mortality in the general population. 18 Bradycardia may also be related to subclinical heart failure as it has been previously shown that increasing heart rate in patients with bradycardic sick sinus syndrome reduces presentation of overt heart failure. 19, 20 How exactly these concepts apply to the perioperative period requires further research. Therefore, our data cannot discern whether heart rate is a modifiable risk factor that can be mitigated using chronotropic agents/interventions, or rather that extreme heart rate values are simply markers of a 'sick heart'. Potential methods to elucidate the mechanism behind the association involve further physiological tests of patients with extreme heart rates and linking ambulatory heart rates values to heart rate values during surgery. Regardless of the mechanism, given these findings, it seems reasonable that future trials examining the perioperative use of chronotropic medications should include protocols to titrate medications to heart rate targets rather than pre-specified doses. Our data suggest that heart rates between 60 and 85 beats min À1 would be an appropriate target range, although exact thresholds need to be determined. The study has several limitations that should be considered. First, routine postoperative troponin surveillance was not implemented for all patients in the cohort. Nonetheless, it is unlikely that the preoperative heart rate would have influenced the decision to measure a postoperative troponin level; hence, differential surveillance is unlikely to have biased the estimated association between preoperative heart rate and myocardial injury. Additionally, the rate of myocardial injury observed in our study cohort was generally consistent with previous studies that implemented routine postoperative troponin testing, suggesting that we captured a significant proportion of patients who truly suffered postoperative myocardial injury.
1e3 An additional sensitivity analysis using 30 day mortality as the outcome also demonstrated a qualitatively similar relationship. Second, our study was observational in nature, and unmeasured confounding is a concern. However, our database had comprehensive information regarding a multitude of comorbid conditions, allowing for extensive confounder control. Our results also remained robust through several sensitivity analyses to ensure that the assumptions made in our initial analysis did not bias the findings. Third, although our study had the benefit of measuring vital signs in an ambulatory setting, these measurements may still have been impacted by anxiety and thus not representative of true resting heart rate. It is also important to note that the heart rate value used represents a single static measure of a patient's dynamic physiology and may not be indicative of the change in heart rate in response to stress. Other factors such as blood pressure, pulse pressure, and heart rate variability may also determine a patient's risk for future adverse events.
21e24 Therefore, future studies should incorporate more sophisticated models that incorporate multiple correlated physiological parameters, all of which could be continuously recorded in the preoperative period. Despite these limitations, this study provides additional strong evidence of an association between preoperative heart rate and postoperative myocardial injury. Specifically, patients presenting with very high heart rates, and possibly also very low heart rates, are at increased risk of suffering myocardial injury. Whether heart rate can be the target of an intervention or whether it simply acts a marker of underlying cardiac pathology remains to be seen, and future research should focus on identifying the underlying mechanisms between this association.
